INTRODUCTION
============

The correct spatial organization of the genome within the nucleus is believed to play a critical role in the regulation of gene expression ([@B20]). Genomes are nonrandomly arranged, and the radial position of a gene within the nucleus can vary, correlating with its functional status ([@B35]). The periphery of the nucleus, comprising the nuclear envelope and associated proteins, was originally implicated in transcriptional silencing. In mammalian cells, cytological observations indicate that heterochromatin is localized near the periphery of the nucleus ([@B47]). Chromosomes with low gene density, and therefore low transcriptional activity, are often found near the nuclear periphery, whereas chromosomes with high gene density tend to localize to the nuclear interior ([@B14]). In addition, a number of genes have been identified that move away from the nuclear periphery upon transcriptional activation, including *IgH* in B lymphocytes ([@B25]; [@B28]). Similar to mammalian cells, heterochromatic regions in *Saccharomyces cerevisiae* such as telomeres and silent mating-type loci are found at the nuclear periphery ([@B3]), and tethering to the nuclear envelope can be sufficient to repress a crippled silencer ([@B4]). Together these data supported the hypothesis that the nuclear periphery is predominantly a site of transcriptional repression. However, more recent evidence suggests that regulation of gene expression at the nuclear periphery is not limited to repression ([@B29]). An investigation of the murine β-globin locus revealed that it localizes to the nuclear periphery during transcriptional activation and only subsequently relocalizes to the nuclear interior ([@B36]). Moreover, hypertranscription of the X chromosome in *Drosophila* males occurs at the nuclear periphery and appears to be dependent on components of the nuclear pore complex (NPC; [@B34]; [@B50]), although a direct role of NPC components in this process has been controversial ([@B21]). Work in *Drosophila* has also demonstrated a role for some NPC components in transcriptional activation of stress-responsive and developmentally regulated genes ([@B11]; [@B23]). Of interest, this gene activation does not occur at the NPC, as the chromatin--Nup interaction occurs away from the nuclear periphery in the nucleoplasm ([@B11]; [@B23]; [@B50]).

In budding yeast, multiple genomic loci, including genes that respond to carbon source shifts, heat shock, and mating pheromones, move to the nuclear periphery upon transcriptional activation ([@B9]; [@B13], [@B12]; [@B15]; [@B48]; [@B6]). Chromatin near highly transcribed genes associates with members of the NPC and the mRNA export machinery ([@B13]). Furthermore, direct physical links have been identified between the NPC and components of the transcriptional machinery, particularly the SAGA complex ([@B39]). In addition, mutations in components of the NPC, the transcriptional regulator SAGA and other chromatin remodeling factors, and the transcription/RNA export complex TREX-2 have been shown to interfere with the association of active genes and the nuclear periphery ([@B39]; [@B10]; [@B15]; [@B16]; [@B24]; [@B2]). In specific cases, the gene--periphery interaction also appears to be dependent on DNA sequence elements in active gene promoters ([@B2]; [@B30]). In combination, these observations challenged the tenet that the nuclear periphery demarcates an exclusively repressive zone, particularly within the yeast nucleus, and led to the suggestion that a zone of transcriptional activity exists at or near nuclear pore complexes ([@B3]; [@B46]). A number of models have been proposed to ascribe functionality to this active gene--nuclear periphery interaction. For example, localization of the *GAL7-10-1* gene cluster at the nuclear periphery has been suggested to be consistent with the gene gating hypothesis, in which active genes are found near nuclear pore complexes to facilitate efficient export of mRNAs from the nucleus ([@B7]; [@B10]). Other models suggest that the nuclear periphery plays a role in chromatin-mediated transcriptional memory at active loci ([@B8]), is associated with the formation of gene loops ([@B27]; [@B49]), or recruits genes for activation via localized transcription components ([@B42]). Furthermore, there is evidence that genes associate with the nuclear periphery posttranscriptionally ([@B1]; [@B51]) and that the gene--periphery interaction can exist independent of active transcription ([@B44]). However, the functional significance of active gene positioning at the nuclear periphery remains unclear.

In this work, we identify the functional role of *GAL* locus movement to the nuclear periphery in budding yeast. We take advantage of mutations that disrupt the gene--periphery interaction to address the significance of the spatial regulation of the *GAL* gene locus. Consistent with a model in which the nuclear periphery constitutes a repressive environment, we find that *GAL* gene expression is negatively regulated at the nuclear periphery both upon activation and after repression. Our results suggest that the nuclear position of a gene is important to modulate gene expression, allowing cells to rapidly respond to changes in environmental conditions.

RESULTS
=======

The *GAL* locus is positioned at the nuclear periphery in galactose, raffinose, and glycerol
--------------------------------------------------------------------------------------------

The interaction of the *GAL* locus with the nuclear periphery concomitant with the induction of gene expression has been shown to depend on the function of diverse protein complexes, including the NPC and the transcriptional activation complex SAGA ([@B13]; [@B10]; [@B15]; [@B32]; [@B24]; [@B2]). *GAL* genes exist in at least three distinct functional states ([@B22]; [@B40]). When cells are grown in glucose, *GAL* genes are fully repressed. Growth in the presence of other carbon sources, such as the trisaccharide raffinose or nonfermentable glycerol, relieves the glucose-mediated repression but does not induce transcription of the *GAL* genes. By contrast, growth in galactose transcriptionally induces all *GAL* genes ([@B22]; [@B40]). To analyze the dynamic localization of the *GAL* genes in these distinct physiological states, we performed live-cell imaging on yeast strains containing 256 copies of the LacO repeat integrated 3 kb downstream of the *GAL1* gene (see [Figure 3A later in the paper](#F3){ref-type="fig"}), the LacO-binding protein LacI fused to green fluorescent protein (GFP), and the fluorescent protein dsRED fused to an HDEL peptide to retain it in the nuclear envelope. Consistent with previous reports ([@B13]; [@B10]; [@B16]; [@B48]), we verified that the *GAL* locus interacts with the nuclear periphery at a higher frequency during transcriptional activation by galactose than when repressed by glucose. Of interest, we also observed significant interaction between the *GAL* locus and the nuclear periphery when cells were grown in raffinose or glycerol ([Figure 1A](#F1){ref-type="fig"}). This demonstrates a greater degree of interaction between the *GAL* locus and the nuclear periphery than previously described and suggests that peripheral positioning of the *GAL* locus occurs in response to the relief of glucose repression.

![Determinants of peripheral positioning of the *GAL* locus. (A) The *GAL* locus is at the nuclear periphery in the absence of glucose. Wild-type cells expressing the LacO/LacI system and dsRED-HDEL were grown in synthetic medium containing 2% raffinose (SRaf) medium to mid-log phase and then maintained in raffinose or shifted to 2% glucose (SGlu), 2% galactose (SGal), or 2% glycerol (SGly) for 2 h prior to imaging. Percentage of cells with peripheral localization was scored as described in *Materials and Methods*. (B) *GAL* locus localization in wild-type and *nup1*Δ or *ada2*Δ mutant cells. The percentage of cells with the *GAL* locus at the nuclear periphery in SGlu, SGal, or SRaf for wild-type, *nup1*Δ, and *ada2*Δ cells was determined by microscopy. Cells were grown and scored as described for A. (C) Localization of the *GAL* locus after transcriptional inhibition. Wild-type and *rpb1-1* mutant cells were grown continuously in SGal or SRaf medium at 25°C and then shifted to 37°C. Cells were imaged and scored as described for A following 2 h at 37°C. Error bars represent the SEM for at least three independent experiments in which at least 100 cells were scored for each condition or time point. An unpaired, two-tailed Student\'s *t* test was used to determine statistical significance for all microscopy experiments. Statistical significance is as follows: p \> 0.05 is not significant (NS); \*0.05 \> p \> 0.01; \*\*0.01 \> p \> 0.001; \*\*\*p \< 0.001. p values represent a comparison between percentage of cells at the nuclear periphery in glucose to other selected media in wild-type or mutant cells.](1367fig1){#F1}

![The nuclear periphery inhibits *GAL1* mRNA expression. (A) Changes in *GAL1* mRNA expression in yeast with disrupted peripheral localization of the *GAL* locus. Wild-type, *ada2*Δ, or *nup1*Δ mutant cells were grown in YP plus 2% glucose (YPD) to mid-log phase. *GAL1* mRNA expression was induced by galactose. *GAL1* mRNA levels were measured at the indicated times by quantitative RT-PCR. *GAL1* mRNA levels were normalized to levels of a control gene, *TFC1*, and the fold change in expression was calculated relative to the baseline expression at the zero time point for each strain. Error bars represent SEM for three independent experiments. (B) *GAL1* mRNA turnover in galactose in wild-type and *ada2*Δ mutant cells. *rpb1-1* and *rpb1-1 ada2*Δ cells were grown in YPGal medium at 25°C and then shifted to 37°C to inactivate transcription. *GAL1* mRNA levels were measured at the indicated time points by qRT-PCR and plotted as a function of time following the shift to the nonpermissive temperature. *GAL1* mRNA levels were normalized to the RNA pol III transcript *SCR1* and expressed relative to the level of transcript at the zero time point, defined as 1.0. (C) Gal1 protein levels increase in *ada2*∆ cells. Cells were grown in raffinose medium and induced with 2% galactose for the indicated time, and Gal1-GFP protein levels were analyzed using flow cell cytometry. Mean GFP intensity of the population (in arbitrary units) is plotted as a function of time in galactose. Error bars represent SEM for three independent experiments.](1367fig2){#F2}

![The nuclear periphery specifically regulates expression of galactose-induced genes. (A) Schematic of the *GAL* locus and adjacent genes on chromosome II, including the integration site of 256 copies of the LacO repeats. (B) mRNA expression levels of *GAL* locus genes (*GAL1, GAL7*, *GAL10*) and neighboring genes (*FUR4* and *KAP104*) in yeast lacking the gene--periphery tether. Wild-type, *ada2*Δ, or *nup1*Δ mutant cells were grown in YPD medium to mid-log phase and shifted to YPGal medium for 1 h. mRNA levels were measured by qRT-PCR, and the expression of each gene was normalized to the control gene, *TFC1*. Fold change of mRNA levels for all genes in *ada2*Δ or *nup1*Δ strains was calculated relative to expression in the wild-type strain, defined as 1.0. (C) Kinetics of *GAL1* expression with constitutive peripheral tethering. *GAL1* gene expression, measured by qRT-PCR in wild-type and *nup1*Δ strains containing the LacO repeats integrated near the *GAL* locus with and without the Nup2-LacI gene tether. Cells were grown in YPD medium, and *GAL1* expression was induced with 2% galactose for the indicated times. *GAL1* mRNA levels were normalized to levels of the control gene *TFC1*, and the fold change in expression was calculated relative to the baseline expression at the zero time point for each strain. (D) mRNA expression levels of *GAL* locus genes and neighboring genes with the Nup2-LacI gene tether. mRNA levels were detected by qRT-PCR following 1 h induction with galactose. The expression of each gene was normalized to the control gene *TFC1*, and the fold change of mRNA levels for all genes was calculated relative to expression in the *GAL::LacO* strain, defined as 1.0. Error bars represent SEM for three independent experiments.](1367fig3){#F3}

These observations prompted us to examine whether the interaction of *GAL1* with the periphery relies on similar molecular mechanisms in both active conditions (galactose) and noninduced conditions (raffinose/glycerol). We first examined the role of SAGA and the NPC in the raffinose- and galactose-induced tethers. The interaction between the *GAL* locus and the nuclear periphery had previously been shown to require components of the SAGA complex, such as Ada2, and components of the NPC, such as Nup1 ([@B10]). We verified that deletion of either *ADA2* or *NUP1* prevented the efficient interaction of the *GAL* locus with the periphery in galactose, and we also observed decreased interaction with the periphery in raffinose ([Figure 1B](#F1){ref-type="fig"}). These data indicate that SAGA and the NPC are required for the peripheral localization of the *GAL* locus in both derepressed and induced conditions.

Previous work showed that the gene--periphery interaction can occur independent of transcription ([@B44]; [@B8]), consistent with our finding that *GAL* gene recruitment to the nuclear periphery occurs in derepressed conditions (i.e., in raffinose or glycerol medium). This observation led us to reinvestigate the role of transcription in the gene--periphery interaction, asking whether the interaction in galactose requires ongoing transcription by using the temperature-sensitive allele of RNA polymerase II, *rpb1-1*. We monitored the position of the *GAL* locus in cells containing the *rpb1-1* allele grown continuously in galactose or in raffinose. When transcription is halted by *RPB1* inactivation at the nonpermissive temperature (37°C), the *GAL* locus is no longer maintained at the nuclear periphery in galactose, whereas there is no significant change in wild-type cells at this temperature ([Figure 1C](#F1){ref-type="fig"}). Moreover, there is no change in the interaction between the *GAL* locus and the periphery in raffinose in the absence of functional RNA pol II. These results demonstrate that the maintenance of the *GAL* locus at the nuclear periphery in galactose is dependent on active transcription, but there is no role for active transcription in the pretranscriptional tether in raffinose. Together these findings demonstrate the existence of two distinct gene--periphery interactions, differentiated by their requirement for transcription, although both the pretranscriptional and transcriptional tethers share a requirement for components of the NPC and SAGA nuclear subcomplexes.

The nuclear periphery negatively regulates *GAL* gene expression
----------------------------------------------------------------

Despite intense investigation, the functional significance of *GAL* gene movement to the nuclear periphery has remained elusive. One prevalent hypothesis is that gene gating at the NPC increases the overall rate of gene expression by facilitating efficient mRNA export ([@B7]; [@B10]; [@B32]). To test this hypothesis and to analyze the functional role of the gene--periphery interaction, we took advantage of mutations in distinct nuclear subcomplexes---the nucleoporin *NUP1* and the SAGA component *ADA2*---that abrogate the interaction between the *GAL* gene cluster and the nuclear periphery ([Figure 1B](#F1){ref-type="fig"}). We investigated changes in gene expression associated with disrupting the *GAL*--nuclear periphery interaction using quantitative PCR after reverse transcription (qRT-PCR) to monitor *GAL1* mRNA levels in wild-type, *nup1*Δ, and *ada2*Δ cells pregrown in glucose and treated with galactose. *GAL1* mRNA levels were measured relative to the non--galactose-regulated mRNAs *ACT1, TFC1*, and *ALG9* at 30 and 60 min following galactose induction ([Figure 2A](#F2){ref-type="fig"} and unpublished data). It is surprising that, in both *nup1*Δ and *ada2*Δ cells, an increase in *GAL1* mRNA could be detected compared with wild-type cells. At later time points, the expression levels in all strains reach similar steady-state levels (Supplemental Figure S1), consistent with prior reports ([@B10]). When mutant cells were pregrown in raffinose and then treated with galactose a similar *GAL1* mRNA hyperinduction phenotype was observed (Supplemental Figure S2).

Because a comparable increase in *GAL1* mRNA levels can be observed in *nup1*Δ and *ada2*Δ mutants, our results suggest that association with the nuclear periphery dampens the induction of the *GAL1* gene. To distinguish whether this repressive effect was primarily caused by direct regulation of transcription or by changes in mRNA turnover, we analyzed the rate of *GAL1* mRNA decay in galactose in wild-type and *ada2*Δ strains, which also contained the RNA polymerase II temperature-sensitive allele, *rpb1-1.* Cells were shifted to the nonpermissive temperature to inactivate transcription, and *GAL1* mRNA turnover was monitored by qRT-PCR and normalized to the RNA polymerase III transcript, *SCR1*. Both wild-type and *ada2*Δ cells displayed identical rates of *GAL1* mRNA decay (t~1/2~ ≈ 25 min; [Figure 2B](#F2){ref-type="fig"}). These data argue that the increased levels of *GAL1* mRNA in strains lacking the gene--periphery tether are due to an increase in transcription and not to a decreased mRNA turnover rate.

In addition to monitoring the kinetics of mRNA expression in the mutants, we also analyzed the affect of disrupting the gene--periphery tether on the kinetics of Gal1 protein production. Using flow cytometry of yeast cells expressing a GFP-tagged Gal1, we followed the protein levels of Gal1-GFP following galactose induction after growth in raffinose. For these experiments we predicted that any delay in mRNA export due to the absence of the gene--periphery tether would be reflected by a slowed rate of protein production. Therefore we monitored the protein expression only in *ada2*Δ and wild-type cells since *nup1*Δ cells were previously shown to be deficient in mRNA export ([@B43]; [@B19]). We observed that the increased level of *GAL1* mRNA found in *ada2*Δ cells was reflected by an increase in protein levels of Gal1-GFP after induction with galactose ([Figure 2C](#F2){ref-type="fig"}). This demonstrates that the overexpressed mRNA in *ada2*Δ cells is functional and suggests that the localization of the *GAL1* gene adjacent to the nuclear pore complex is not critical for efficient nuclear export of the *GAL1* mRNA.

The repressive effect of the nuclear periphery on the *GAL* locus
-----------------------------------------------------------------

The *GAL* gene cluster contains two additional galactose-induced genes, *GAL7* and *GAL10*, which are flanked by neighboring genes *KAP104* and *FUR4* ([Figure 3A](#F3){ref-type="fig"}). *KAP104* encodes for a nuclear transport factor that is constitutively expressed, whereas *FUR4* encodes for a uracil permease previously shown to be partially regulated by Gal4, the key regulator of genes required for galactose metabolism ([@B38]). To determine the influence of the nuclear periphery on the expression patterns of the entire locus, we also monitored the expression levels of *FUR4, GAL7, GAL10*, and *KAP104* in addition to *GAL1* in wild-type, *nup1*Δ, and *ada2*Δ cells by qRT-PCR. Similar to *GAL1*, we observed greatly increased levels of the galactose-regulated genes *GAL7* and *GAL10* in the *nup1*Δ and *ada2*Δ mutants ([Figure 3B](#F3){ref-type="fig"}). However, we observed no changes for *KAP104* and only a very modest increase in the mRNA levels of *FUR4*.

If hyperactivation of the *GAL* genes in both *nup1*Δ and *ada2*Δ cells is indeed caused by the altered position of the gene within the nucleus, then constitutive tethering of the *GAL* locus to the nuclear periphery should rescue this defect in transcriptional regulation. To test this hypothesis, we constructed a gene-tethering system using the nucleoporin Nup2. The lac repressor (LacI) was fused to the C-terminus of Nup2 and expressed in yeast cells with LacO repeats integrated downstream of the *GAL* locus. The interaction between Nup2-LacI and the LacO repeats was sufficient to tether the *GAL* locus constitutively to the nuclear periphery in both glucose and galactose at a frequency higher than observed for wild-type cells in galactose (Supplemental Figure S3). We monitored the induction of *GAL1* over time in the presence and absence of the Nup2-LacI/LacO tether in cells shifted from glucose to galactose ([Figure 3C](#F3){ref-type="fig"}). Expression of only Nup2-LacI did not alter transcript levels (Supplemental Figure S4), and *GAL1* hyperactivation was still observed in the presence of the LacO repeats alone in *nup1*Δ cells. Of importance, the kinetics of induction was slower in the presence of the full Nup2-LacI/LacO tether in *nup1*Δ, correlating with the restored peripheral localization of the gene in this strain background. These data show that constitutive tethering of the *GAL* locus to the nuclear periphery is sufficient to rescue the aberrant *GAL1* expression observed in *nup1*Δ cells.

To investigate whether the Nup2-LacI/LacO gene tether caused generalized transcriptional repression around the *GAL* locus or whether it was specific for the *GAL* genes, we also monitored expression of the galactose-induced genes *GAL7* and *GAL10* and the two surrounding genes *KAP104* and *FUR4*. mRNA levels of all genes were detected by qRT-PCR following treatment with galactose in both wild-type and *nup1*Δ strains with and without the Nup2-LacI/LacO gene tether ([Figure 3D](#F3){ref-type="fig"}). As observed for *GAL1*, the Nup2-LacI/LacO gene tether rescued the hyperinduction phenotype of *GAL7* and *GAL10* detected in *nup1*Δ cells. However, the Nup2-LacI/LacO gene tether did not repress *KAP104* or *FUR4* levels below the levels observed in untethered wild-type control cells. Overall, these data suggest that the negative transcriptional control at the nuclear periphery is specific for galactose-regulated genes and is not due to generalized repression of the locus or gene silencing at the nuclear periphery.

Efficient repression of *GAL1* requires interaction with the nuclear periphery
------------------------------------------------------------------------------

Our analysis of *GAL1* expression kinetics paradoxically shows that relocalization to the nuclear periphery, which is observed upon gene activation, leads to a repression of *GAL* gene induction. However, for yeast cells it is not only critical to rapidly induce appropriate amounts of galactose-responsive genes upon exposure to galactose, but it is also very important to swiftly repress *GAL* genes in the presence of glucose, the preferred carbon source. We therefore analyzed whether the gene--periphery interaction also stimulates repression of *GAL1* upon glucose addition. Using qRT-PCR ([Figure 4](#F4){ref-type="fig"}), we measured the amount of *GAL1* mRNA in wild-type, *nup1*Δ, and *ada2*Δ cells that were grown in galactose and subsequently shifted to glucose. As expected ([@B22]), repression of galactose-induced genes occurs rapidly in the presence of glucose in wild-type cells. In contrast, the kinetics of repression following the shift to glucose was significantly delayed in both *nup1*Δ and *ada2*Δ mutants. These data show that disrupting the *GAL1*--nuclear periphery interaction delays the rate of repression of *GAL1* upon glucose addition, thereby limiting the cellular response to changes in carbon source.

![Repression of *GAL1* is delayed with a disrupted gene--periphery tether. Wild-type, *nup1*Δ, and *ada2*Δ strains were grown at room temperature in YP plus 2% raffinose to mid-log phase. *GAL1* mRNA expression was induced by galactose addition for 2 h and then inhibited by the addition of glucose for the indicated time. *GAL1* mRNA levels were monitored by qRT-PCR and normalized to the control gene, *ACT1*. The fold change is calculated relative to the transcript levels for each strain at the zero time point, defined as 1.0.](1367fig4){#F4}

Taken together, our experiments investigating the effects of gene position on *GAL1* activation and repression demonstrate that the nuclear periphery constitutes a repressive environment for *GAL* gene expression despite the fact that peripheral localization occurs concurrently with transcriptional activation. Furthermore, our results argue that disrupting the interaction between the periphery and the *GAL* locus prevents cells from rapidly repressing *GAL* gene expression upon return to the more favorable glucose conditions.

DISCUSSION
==========

The nuclear periphery represses *GAL* gene expression
-----------------------------------------------------

The correlation between peripheral *GAL* locus position and transcriptional activation has encouraged the development of numerous models that suggest that the nuclear periphery is directly involved in transcriptional activation or promotes more efficient mRNA export from the nucleus ([@B7]; [@B10]; [@B8]; [@B42]). Here we monitor the position of the *GAL* locus in live yeast and first demonstrate that the *GAL* locus is positioned at the nuclear periphery both prior to and following transcriptional activation. Both of the pretranscriptional and transcriptional gene--periphery tethers depend on components of the nuclear pore complex (Nup1) and the SAGA complex (Ada2), previously identified as required for association of *GAL1* with the nuclear periphery concomitant with transcriptional activation ([@B10]). The persistence of the *GAL* locus--nuclear periphery interaction in multiple environmental conditions suggests a complex interplay between active genes and the nuclear periphery, the function of which has yet to be elucidated.

To investigate the functional significance of the *GAL* locus--nuclear periphery interaction, we took advantage of yeast mutants in the nucleoporin *NUP1* or the SAGA component *ADA2* to disrupt the interaction between the *GAL* locus and the nuclear periphery. It is surprising that in these mutants we observed a significant increase in *GAL* gene expression kinetics compared with wild-type cells ([Figure 2A](#F2){ref-type="fig"}). This hyperinduction seems to be primarily mediated by an increase in transcription ([Figure 2B](#F2){ref-type="fig"}) and could be observed in all *GAL* genes tested (*GAL1*, *GAL7*, and *GAL10*). By contrast, the peripheral localization had little or no effect on two neighboring genes, *KAP104* and *FUR4* ([Figure 3B](#F3){ref-type="fig"}). It is of note that our results do not contradict previous measurements of steady-state mRNA levels ([@B10]), in that we see little difference between wild-type, *nup1*Δ, and *ada2*Δ mutants once expression levels have reached saturation (Supplemental Figure S1). These results also parallel recent work showing that disruption of peripheral positioning of actively transcribing ribosomal protein genes results in their increased expression ([@B52]).

Our observations demonstrate three important aspects of the gene--nuclear periphery interaction. First, although association of the *GAL* locus with the nuclear periphery *correlates* with gene activation, localization at the nuclear periphery itself is not required for transcriptional activation or gene expression, and in fact peripheral localization negatively regulates *GAL* gene expression. Second, our findings do not support the original gene gating hypothesis ([@B7]) because mRNA processing and/or export of *GAL1* are not significantly delayed when the gene is not peripheral ([Figure 2C](#F2){ref-type="fig"}). This also suggests that, at least in yeast, the diffusion of mRNA from the site of transcription to the nuclear pore complex is not a rate-limiting step in gene expression. Third, our observations indicate that the spatial position of the *GAL* genes within the nucleus is important for regulating their activity. Similar increases in *GAL1* expression are observed in strains with deletions of either *ADA2* or *NUP1*, whose gene products function in separate nuclear complexes. This is most likely explained by their shared phenotype: the disruption of the gene--periphery interaction and the mislocalization of the gene to the nuclear interior.

We further show that the nuclear periphery is not only necessary but also sufficient for establishing repressive conditions for modulating *GAL* gene expression levels, as we observed a decrease in *GAL1, GAL7*, and *GAL10* expression in *nup1*Δ cells when the *GAL* locus is constitutively tethered to the nuclear pore complex ([Figure 3, C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). Because the aberrant *GAL* gene expression pattern in *nup1*Δ cells can be rescued by tethering the genes to the nuclear periphery, this indicates that the misregulation in these mutants can be attributed specifically to the disrupted gene--periphery interaction. Thus, the nuclear periphery likely plays a role in dampening the activation of the *GAL* genes to maintain the appropriate transcript levels for the cell\'s response to galactose, consistent with several previous studies linking the nuclear periphery with transcriptional repression and gene silencing ([@B4]; [@B17]; [@B3]).

Whether this repressive effect is specific to the *GAL* genes or whether the nuclear periphery and the nuclear pore also inhibit other dynamic gene loci is unclear. Here we analyzed only the effects of Nup1, but the nuclear pore complex provides a versatile platform that recruits components of multiple activities, and it is very likely that the regulation of gene expression at the nuclear periphery is not limited to repression (reviewed in [@B5]; [@B29]). Consistent with this, wide-ranging variability in results has been observed in several other gene-tethering experiments that have been performed in both yeast ([@B4]; [@B9]; [@B8]; [@B48]) and metazoans ([@B18]; [@B26]; [@B37]) using either reporter or endogenous genes. This suggests that there are gene-specific means of transcriptional control occurring at the nuclear periphery, in different peripheral subdomains, or at the nuclear pore. This would be in agreement with the differential effects on expression that we observe in the presence of the gene--periphery tether for the SAGA-dependent *GAL1*, *GAL7*, and *GAL10* genes and SAGA-independent genes such as *KAP104*. In this context, it is also intriguing that the *INO1* gene appears to rely on a distinct peripheral tethering mechanism since it requires *cis*-acting DNA elements that promote either the initial localization to the periphery or a peripheral interaction that serves as a form of transcriptional memory. Of interest, these DNA elements are not present at the *GAL* locus ([@B2]; [@B30]).

A negative feedback loop governs gene expression at the nuclear periphery
-------------------------------------------------------------------------

In addition to modulating levels of *GAL* gene expression upon induction, we also identified a role for peripheral positioning of the *GAL* locus in facilitating rapid repression of *GAL1* following the shift from galactose to glucose. When *GAL1* is positioned in the nuclear interior, repression by the addition of glucose is slowed significantly when compared with peripherally positioned *GAL1* ([Figure 4](#F4){ref-type="fig"}). The molecular mechanism of *GAL* gene repression at the periphery remains unclear. One plausible hypothesis is that repositioning of the *GAL* locus toward the nuclear periphery upon activation may increase access to either a general or gene-specific repressive factor that modulates transcription. Of interest, the glucose repressor Mig1 is enriched at the nuclear periphery ([@B42]) and is required for the movement of the *GAL* locus toward the nuclear envelope upon activation ([@B51]). While this manuscript was in revision, it was further shown that components of the nuclear pore are important for Mig1 recruitment to target promoters ([@B41]). It will now be interesting to investigate the role of Mig1 in *GAL* gene repression at the nuclear periphery described here.

What is the physiological relevance of *GAL* gene movement to the repressive environment of the nuclear periphery upon transcriptional activation? Our results suggest that *GAL* gene localization to the nuclear periphery is an important mechanism for cells to quickly respond to changing environmental conditions. This supports a model in which the nuclear periphery is part of a negative feedback loop that regulates *GAL* gene expression and provides yeast cells with a mechanism for adaptive plasticity in changing environmental conditions. A very rapid repression of *GAL* gene expression may be particularly important for yeast cells when they return to their preferred carbon source, glucose. Further investigations into the molecular mechanism of this novel feedback loop in *GAL* gene regulation will provide important insight into how position-dependent gene expression patterns emerge in response to environmental stimuli.

MATERIALS AND METHODS
=====================

Yeast strains
-------------

All *S. cerevisiae* strains used in this study are listed in Supplemental Table S1. The KWY strain background is W303. Standard growth conditions and manipulations were used. All gene deletions and epitope tag integrations were performed using standard techniques ([@B31]). Plasmids containing *LacI-GFP::HIS3* and *LacO~256~::LEU2* repeats for integration into yeast were gifts from A. Straight ([@B45]), but the LacO-containing plasmid was modified to integrate at *YBR022w.* The integration plasmid allowing for expression of dsRED-HDEL was described previously ([@B33]). Yeast strains expressing the Nup2-LacI fusion protein were generated by integration of a PCR product amplified from plasmid pKW2139 (pFA6a*LacI::KanMX*) with flanking sequence to target the 3′ end of the *NUP2* coding region to generate a C-terminal fusion. KWY1302 (*MATa rpb1-*1) was generated by backcrossing the *rpb1-1* allele (Morrissey *et al*., 1999) to KWY165. KWY2619 was constructed using the same strategy as described for KWY1622 but using KWY1302 as the initial strain for construct integration.

Microscopy
----------

All microscopy experiments were performed using synthetic complete (SC) medium. Cells were grown to mid-log phase (OD~600~ ≈ 0.4--0.6) in SC plus either 2% glucose, 2% raffinose, or 2% galactose. To score large numbers of yeast cells efficiently, live yeast were imaged and recorded using an epifluorescence microscope equipped with a Hamamatsu interline CCD camera (Hamamatsu, Hamamatsu, Japan). When overlap between the LacI-GFP signal in the green channel and the nuclear envelope signal in the red channel was observed, these cells were scored as having the gene locus at the nuclear periphery. To validate this method of scoring, we compared this approach to image analysis on a deconvolution microscope. In these experiments, position in the nucleus was determined by manually identifying the focal plane for the LacI-GFP spot and measuring the shortest distance from the center of the spot to the center of the nuclear rim using the softWoRx program (Applied Precision, Issaquah, WA). If the distance was \<200 nm (the approximate resolution of this technique), the *GAL* locus was scored as peripheral. Both techniques yielded comparable changes in peripheral localization upon galactose induction.

RNA isolation
-------------

For analysis of mRNA levels of *GAL* locus genes (*GAL1, GAL7*, and *GAL10*) and neighboring genes (*FUR4* and *KAP104*) following galactose induction, yeast were grown in yeast extract/peptone (YP) media plus 2% glucose at 25°C until mid-log phase. Cells were harvested, washed in YP two times, and resuspended in YP plus 2% galactose. For analysis of *GAL1* mRNA following glucose repression, cells were grown to mid-log phase in YP plus 2% raffinose at 25°C, then shifted to YP plus 2% galactose for an additional 2 h. Cells were harvested and resuspended in YP plus 2% glucose. For each time point analyzed, an aliquot of cells was harvested by centrifugation and frozen in liquid nitrogen. Total RNA was isolated using the RiboPure-Yeast Kit (Applied Biosystems/Ambion, Austin, TX). RNA samples were treated with DNase I (Applied Biosystems/Ambion) to remove contaminating genomic DNA.

qRT-PCR
-------

An oligo dT~20~ was used for first-strand synthesis for all mRNA expression experiments except for the *GAL1* mRNA decay experiment ([Figure 2B](#F2){ref-type="fig"}), in which random primers (Invitrogen, Carlsbad, CA) were used. Superscript SS III reverse transcriptase (Invitrogen) was used to make cDNA from 2 μg of total RNA for each sample. qRT-PCR was performed in an Applied Biosystems 7300 Real Time PCR machine using Taqman Universal PCR Mastermix (Applied Biosystems, Foster City, CA) with 5′FAM/3′-BHQ-1 Taqman probes or in an Applied Biosystems StepOne Plus Real Time PCR using Absolute Blue QRT-PCR SYBR Green ROX Mix (Thermo Fisher Scientific, Waltham, MA) supplemented with gene-specific primers (described in Supplemental Table S2).

Flow cell cytometry
-------------------

To monitor the expression levels of Gal1-GFP after induction, yeast were grown to early mid-log phase (OD~600~ ≈ 0.4) in SC medium containing additional adenine and 2% raffinose. Cells were then diluted to OD~600~ ≈ 0.2 and simultaneously induced in SC medium containing 2% galactose and adenine. Time points 0, 30, 60, 90, 120, and 180 min were treated with 10 μg/ml cycloheximide and held on ice for 2--4 h to allow all translated Gal1-GFP protein to properly fold before sorting. The 300-min time point was immediately sorted without cycloheximide treatment. Analysis was performed on an EPICS XL-MCL flow cytometer (Beckman Coulter, Brea, CA). Measurements from flow cytometry were plotted as a histogram (*y*-axis, number of cells; *x*-axis, log GFP intensity). Threshold GFP intensities were gated such that only 0--2% of a glucose-grown, wild-type culture would sort as GFP positive. Gal1-GFP expression levels were determined by taking the geometric mean of GFP intensity for the population of cells.
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GFP

:   green fluorescent protein

NPC

:   nuclear pore complex

qRT-PCR

:   quantitative reverse transcription-PCR

SEM

:   standard error of the mean
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